To compare the risk factors for bilateral and unilateral disease in normal-tension glaucoma (NTG). METHODS. The study analyzed data from consecutive NTG patients with either bilateral (n ϭ 194) or unilateral (n ϭ 193) disease. Multivariate regression models were used to evaluate the following potential risk factors for bilateral eye involvement: age, sex, central corneal thickness, mean deviation in standard automated perimetry, mean and fluctuation of diurnal intraocular pressure (IOP) without glaucoma medication, spherical equivalent, family history of glaucoma, and underlying systemic disease such as diabetes mellitus, hypertension, hypercholesterolemia, ischemic heart disease, previous cerebrovascular accident, migraine, and cold extremities. RESULTS. Multivariate analysis showed that worse mean deviation in the first affected eye (odds ratio [OR], 1.19/1 dB decrease; P Ͻ 0.001), diabetes mellitus (OR, 2.31; P ϭ 0.004), previous cerebrovascular accident (OR, 4.27; P ϭ 0.039), and mean IOP greater than 14 mm Hg in the less affected eye (OR, 1.66; P ϭ 0.030) were significantly associated with bilateral eye involvement in NTG. CONCLUSIONS. Besides being an indicator of disease severity (worse mean deviation), diabetes mellitus, previous cerebrovascular accident, and IOP were associated with bilateral eye involvement. These data suggest that systemic vascular factors and IOP play significant roles in the pathogenesis of NTG. It appears that although systemic vascular factors increase the susceptibility of the optic nerve, a certain level of pressureinduced stress is also required to cause glaucomatous optic neuropathy. (Invest Ophthalmol Vis Sci.
S
tudies have shown that glaucoma is associated with many risk factors, including age, 1,2 race, 2,3 sex, 2 positive family history, 4 myopia, 5, 6 diabetes mellitus, [7] [8] [9] hypertension, 10 disc hemorrhage, 11, 12 and large diurnal fluctuations in intraocular pressure (IOP). 13 Recently, central corneal thickness (CCT) has been recognized in the Ocular Hypertension Treatment Study as a significant risk factor for the progression of ocular hypertension to primary open-angle glaucoma (POAG). 14 Normal-tension glaucoma (NTG) is considered to be more strongly affected by non-IOP factors, particularly vascular factors, than high-tension glaucoma. Factors such as migraine, Raynaud phenomenon, nocturnal hypotension, and history of hypovolemic shock have been shown to be associated with NTG. [15] [16] [17] Associations between NTG and sleep apnea 18, 19 or reduced cerebrovascular blood flow 20 have also been reported. An intriguing finding regarding the pathophysiology of NTG is the frequent observation that some patients have advanced unilateral NTG without the involvement of the other eye, whereas other patients show involvement of both eyes from the early stage of disease. This finding suggests that there might be two different categories of risk factors: those related to an individual eye (eye-related factors) and systemic factors that influence both eyes simultaneously (patient-related factors). It may be reasonably hypothesized that when eye-related factors play a major role, NTG develops unilaterally in the affected eye while the other eye remains unaffected. On the other hand, when patient-related factors play a major role, NTG may show bilateral involvement from the early stage of disease. Identifying and classifying these factors could contribute to a further understanding of the pathophysiology of NTG. The aim of this study was to determine the risk factors for bilateral involvement in NTG.
MATERIALS AND METHODS

Patients
The study involved consecutive patients with newly diagnosed NTG who presented at the glaucoma clinic of the Department of Ophthalmology, Seoul National University Bundang Hospital (Seoul, Korea), between 2003 and 2006. The study was approved by the Seoul National University Bundang Hospital institutional review board (IRB no. B-0805-057-007) and conformed to the Declaration of Helsinki. Informed consent was obtained from all subjects.
Before the study, all patients underwent standard face-to-face interviews to collect medical histories and complete ophthalmic examinations, including visual acuity measurement, refraction test, slit lamp biomicroscopy, gonioscopy, Goldmann applanation tonometry, dilated stereoscopic examination of the optic disc, red-free fundus photography, CCT measurement by corneal topography (Orbscan, version 3.12; Bausch & Lomb, Rochester, NY), retinal nerve fiber layer thickness measurement by optical coherence tomography (Stratus OCT instrument; Carl-Zeiss Meditec, Dublin, CA), and visual field examination by standard automated perimetry.
Five baseline IOP readings were taken for each patient on the same day, between 9:00 am and 5:00 pm. Stereoscopic photographs were taken with a digital camera (EOS D60; Canon, Utsunomiyashi, Tochigiken, Japan) during the same sessions when red-free fundus photography was performed. Photographs were assessed on an LCD monitor with a stereoscopic viewer (Screen-Vu Stereo Viewer; Berezin Stereo Photography Products, Mission Viejo, CA). Vertical cup-to-disc ratios were measured with stereoscopic optic disc photographs and computer-aided planimetry. The disc margin was defined as the inner margin of the scleral ring. The cup margin was drawn at the inflection point in the slope of the neural rim. Red-free fundus photographs were acquired with a digital camera after maximal pupil dilation. Sixtydegree wide-angle views of the optic disc, carefully focused on the retina with the built-in split-lines focusing device and centered between the fovea and the optic disc, were obtained and reviewed on an LCD monitor.
Visual field analysis was performed with the Swedish Interactive Threshold Algorithm standard of the Humphrey Field Analyzer II 750 (Carl-Zeiss Meditec) and the Humphrey 24 -2 test pattern. Glaucomatous visual field loss was defined as two or more adjacent points of Ն5 decibel (dB) loss or one or more points of Ն10 dB loss from the age-corrected normal reference values, 21 a pattern SD outside the 95% normal limits, or a glaucoma hemifield test result outside normal limits. For all criteria, confirmation on a second visual field was required. Only reliable visual fields (fixation losses, false positives, and false negatives all Յ 20%) were included.
All patients underwent diurnal curve measurement to rule out unexpected IOP spikes and to determine mean and magnitude of fluctuation of IOP values throughout the day. To be eligible for the study, patients had to have unilateral or bilateral NTG defined according to the following criteria: IOP consistently Ͻ21 mm Hg in an eye without antiglaucoma medication; characteristic glaucomatous optic nerve head damage, such as notch and neuroretinal rim thinning; glaucomatous visual field loss; no neurologic disorder that could affect the optic nerve; and open iridocorneal angle and no abnormal chamber angle structure on gonioscopic examination.
Patients were excluded if they had visual acuity worse than 20/40, any diurnal IOP curve measurement Ն 21 mm Hg in either eye, any other ophthalmic disease including media opacity or retinal disease that could result in visual field defects, history of intraocular surgery or laser treatment except for cataract surgery, or history of refractive ablation surgery that could affect corneal thickness.
History of cerebrovascular accident was not an exclusion criterion, but visual field loss attributed to the cerebrovascular accident (i.e., homonymous loss respecting the vertical meridian) was.
Study Variables
The following factors were included as potential risk factors for bilateral eye involvement: age, sex, spherical equivalent (SE), CCT, mean and fluctuation of diurnal IOP measurement without glaucoma medication, mean deviation of visual field test of the first affected eye (affected eye in the unilateral NTG group; in the bilateral NTG group, the eye with worse mean deviation was considered to represent the first affected eye), family history of glaucoma, and underlying systemic disease (e.g., systemic hypertension, diabetes mellitus, hypercholesterolemia, ischemic heart disease, previous cerebrovascular accident including ischemic or hemorrhagic stroke and transient ischemic attack, migraine, and cold extremities). Information on systemic diseases was obtained from medical records and was confirmed by the class of medication used. Among risk factors, medical histories were included in the analysis only if their presence predated the NTG diagnosis date. If the existing information was considered insufficient, patients were further interviewed at clinic visits during the study period or by telephone. The magnitude of diurnal IOP fluctuation was calculated as the difference between the maximum and minimum diurnal IOP measurements in the absence of glaucoma medication. Interocular differences in mean and fluctuation of diurnal IOP, CCT, and SE were calculated by subtracting values of the first affected eye from that of the less affected eye (the unaffected eye in the unilateral NTG group and the eye with better mean deviation in the bilateral NTG group).
Statistical Analysis
Statistical analysis of the data was performed using SPSS version 15.0 (SPSS Inc., Chicago, IL). The 2 test was used to compare possible associations between two categorical variables. For continuous variables, Student's t-test and ANOVA were used. Variables with statistical significance of less than 0.10 on univariate analysis were included in multivariate modeling. The enter method of multiple logistic regression was applied for multivariate analysis; P Ͻ 0.05 was considered to indicate a significant difference.
RESULTS
This study involved 483 patients diagnosed with NTG. Of those, 35 had other ocular disease (age-related macular degeneration [n ϭ 17], diabetic retinopathy [n ϭ 10], branch retinal vein occlusion [n ϭ 5], uveitis [n ϭ 3]) and were excluded from further analysis. Also excluded were 12 patients with visual acuity worse than 20/40, eight patients who had undergone refractive corneal ablation surgery, and three who had undergone intraocular surgery. In addition, 38 subjects who had been diagnosed elsewhere and had undergone some antiglaucoma treatment were excluded. Therefore, the final analysis involved 387 patients.
Of the 387 study patients, 193 had unilateral NTG and 194 had bilateral NTG. All patients were Korean. In the unilateral NTG group, the left eye showed a tendency to be more commonly affected (57% vs. 43%; P ϭ 0.084; binomial test). Similarly, in the bilateral NTG group, more advanced visual field defects tended to be more commonly observed in the left eye (56% vs. 44%; P ϭ 0.098; binomial test).
Of the 193 patients with unilateral NTG, 31 (16.1%) had a mean deviation worse than Ϫ6 dB in the affected eye. In contrast, 58 (29.9%) of the 194 bilateral NTG patients had a mean deviation better than Ϫ3 dB in both eyes.
Information regarding medical history was obtained primarily through preexisting records or from interviews undertaken during the study period. In 10 patients, missing information was obtained by telephone interviews after verbal consent was obtained. Table 1 compares data obtained from the unilateral and bilateral NTG groups and shows the results of univariate analyses for association with bilateral NTG of all predictor valuables. Mean deviation in the first affected eye (Ϫ3.2 Ϯ 3.5 dB vs. Ϫ7.1 Ϯ 6.4 dB; P Ͻ 0.001), mean IOP of the less affected eye (14.1 Ϯ 2.7 mm Hg vs. 14.9 Ϯ 2.9 mm Hg; P ϭ 0.010), IOP greater than 14 mm Hg in the less affected eye (39.9% vs. 54.1%; P ϭ 0.005), diabetes mellitus (14.5% vs. 28.4%; P ϭ 0.001), and previous cerebrovascular accident (1.6% vs. 7.2%; P ϭ 0.007) were significantly related to bilateral eye involvement by univariate analysis. Table 2 shows the comparison of ocular factors between the first affected and less affected eyes in the unilateral and bilateral NTG groups. There were no significant differences in the mean and fluctuation of IOP, CCT, and average SE between eyes in each group (Table 2) .
Multivariate analysis also showed that worse mean deviation of the first affected eye (odds ratio [OR], 1.19/1 dB decrease; P Ͻ 0.001), diabetes mellitus (OR, 2.31; P ϭ 0.004), previous cerebrovascular accident (OR, 4.27; P ϭ 0.039), and mean IOP greater than 14 mm Hg in the less affected eye (OR, 1.66; P ϭ 0.030) were significantly associated with bilateral eye involvement in NTG (Table 3) .
DISCUSSION
This study demonstrates that NTG patients show a greater tendency to bilateral eye involvement when they have worse mean deviation in the first affected eye, diabetes mellitus, previous cerebrovascular accident, or IOP Ͼ 14 mm Hg in the less affected eye.
In general, primary glaucoma is believed to be a bilateral disease. Although the condition may present unilaterally, it is expected that the other eye will eventually be affected as the disease advances. It is thus not surprising that worse mean deviation in the first affected eye, an indicator of disease severity, is significantly associated with bilateral eye involvement.
In the present study, diabetes mellitus was shown to be associated with bilateral involvement, suggesting that diabetes mellitus may influence eyes to become more susceptible to glaucomatous damage. Although the association of diabetes
mellitus with open-angle glaucoma was not consistently demonstrated in epidemiologic studies (some studies showed association, others did not), numerous clinical and experimental observations suggest a role for diabetes mellitus in NTG. The suggestion that diabetes mellitus is associated with impaired cerebrovascular reactivity and autoregulation in response to various stimuli has received general acceptance. [22] [23] [24] Because impaired autoregulation is considered to be an important mechanism of eye damage in glaucoma, 25, 26 it is reasonable to suggest that diabetes mellitus may be associated with glaucoma. Further, experimental studies have reported that diabetes mellitus may induce retrograde axonal transport impairment 27 or may have an additive effect on retinal ganglion cell apoptosis induced by chronic elevation of IOP. 28 The results of the present study yield an additional clinical observation supporting a role for diabetes mellitus in the pathophysiology of glaucoma.
In the present study, a history of cerebrovascular accident was also significantly associated with bilateral eye involvement in NTG. This is in line with recent reports indicating reduced cerebrovascular blood flow velocities in glaucoma patients. 20, 29 Moreover, it is considered that cerebrovascular disease is linked to vascular dysregulation, 30, 31 as is glaucoma. 29, 32, 33 These observations together suggest that cerebrovascular disease and glaucoma may have a common pathologic mechanism that presumably involves reduced cerebral blood flow and impaired vascular dysregulation.
When both groups were analyzed together, the average IOP of the unaffected eyes in the unilateral NTG group was significantly lower than the IOP values of a randomly chosen eye from each patient in the bilateral NTG group. Moreover, mean IOP Ͼ 14 mm Hg in the less affected eye was significantly associated with bilateral involvement in univariate and multivariate analyses, indicating that a relatively lower average IOP in the unaffected eye of the unilateral group may be associated with the absence of involvement of that eye in NTG, which in turn indicates that a certain level of IOP-related stress is needed for the development of optic neuropathy in NTG. This finding supports the current understanding that IOP is part of the pathogenic process in NTG. 34 Mean IOP was not significantly higher, however, in the first affected eye compared with the contralateral less affected eye in bilateral NTG. This result is consistent with previous studies. Poinoosawmy et al. 35 reported that a significant number of patients had higher IOP in the eye with less severe field loss. Orgül et al. 36 reported no correlation between IOP and visual field damage or between interocular differences in IOP and visual field damage in NTG patients.
As described earlier, an IOP Ͼ 14 mm Hg in the less affected eye was significantly associated with bilateral eye involvement. The cutoff of 14 mm Hg of IOP was determined by repeated statistical trials. When the eye data were separated at an IOP of 14 mm Hg, the association between IOP and bilateral involvement became statistically significant. This observation carries the important implication that NTG develops less frequently in eyes with IOP Յ 14 mm Hg.
Although the difference in the IOP between unaffected eyes of the unilateral group and eyes from the bilateral group was statistically significant, it was only 0.8 mm Hg. Although we do not know whether this small difference is also clinically significant, observations from several large clinical trials suggest that it may be. For instance, the Early Manifest Glaucoma Trial reported that a 1-mm Hg increase in IOP on follow-up was associated with 10% increased risk for glaucoma progression. 37 Moreover, in patients with advanced glaucoma, a 1-mm Hg increase in IOP fluctuation was associated with a 30% increased risk for glaucoma progression. 38 Although these observations were made on patients with established glaucoma and were relevant to glaucoma progression, the result of those studies suggest that a 0.8-mm Hg difference in IOP may be significant in the development of glaucomatous damage. However, longitudinal studies involving larger numbers of samples may be needed to confirm the impact of IOP in the pathogenesis of NTG.
The magnitude of diurnal IOP fluctuation was not significantly higher in the affected eye than in the unaffected eye of the unilateral NTG group. In addition, there was no significant difference in diurnal IOP fluctuation between the unilateral and bilateral NTG groups. The role of diurnal IOP fluctuation in the pathogenesis of glaucoma is a matter of debate. Several studies have shown that large diurnal IOP fluctuation is an independent risk factor for progression of visual field damage. 13, 39 Recent studies have found, however, that the range of diurnal IOP variation was proportional to the level of IOP, indicating that diurnal variation in IOP was not in itself an independent risk factor for the progression of glaucoma. 40 Our results support the negative association between diurnal IOP fluctuation and NTG.
The definition of "glaucoma at presentation" in the present study was based on characteristic glaucomatous optic nerve head damage and glaucomatous visual field loss. Because glaucomatous damage may exist in the presence of a normal field, 41 some patients with "unilateral" glaucoma might have had optic disc damage in the contralateral eye that was classified as nonglaucomatous based on the normal visual field. Nevertheless, an important implication of the current data is that diabetes mellitus, cerebrovascular disease, and IOP greater than 14 mm Hg in both eyes promotes bilateral disease progression such that both eyes reach the perimetric stage of disease earlier than occurs in patients without such factors.
The present study had several limitations. The analysis did not include all parameters indicated in the literature as NTG risk factors. Recently, fluctuation in mean ocular perfusion pressure, 42 differences in immunologic markers such as antiphosphatidylserine antibodies, 43 neuron-specific enolase autoantibodies, 44 and variations in genetic polymorphisms 45, 46 have been suggested as risk factors for NTG. These systemic factors may be associated with bilateral eye involvement. Possible associations of these factors with bilateral eye involvement in NTG remain to be explored. Another limitation was that the study used predictive modeling and, thus, may be driven by the data. As such, the findings await confirmation in further studies. Last, the study involved only Korean patients. It appears there are significant variations in the prevalence of NTG between ethnic groups, 47, 48 suggesting groups may differ in terms of NTG pathogenesis or vulnerability. Thus, it is important that the present findings be verified in other populations before they can be considered to be broadly applicable.
It is acknowledged that IOP often, but not always, peaks at nighttime, when IOP measurements are not routinely obtained. Such an undetected IOP spike in one eye or both eyes may play a significant role in the development of glaucoma unilaterally or bilaterally. However, the possibility does not invalidate the findings of the present study. Although the nighttime IOP elevation may constitute an additional risk factor for NTG, inclusion of the nighttime IOP profile in the regression analysis would not negate the factors identified in the present study as long as they are not dependent on the nighttime IOP profile, which is likely to be the case. It may be argued that definitive diagnoses of NTG could not be made in our patients because we did not measure IOP at night. However, it is the general practice to make the diagnosis of NTG based on the daytime IOP. 34, 49, 50 As such, the diagnosis of NTG in our patients may be acceptable. Moreover, we believe the definition of NTG does not provide a source of bias in the present study because we diagnosed NTG based on the same criteria in the unilateral and bilateral groups.
Onset of visual field loss occurred more often in the left eye, and greater field defect was more likely to develop in this eye than the right eye. This is in line with previous findings. 35, 51 Among patients with greater field defects in left eyes, 47% in the unilateral NTG group and 33% in the bilateral NTG group had higher IOP in the left eyes. Thus, the left eye predilection could not be explained by intereye asymmetry of IOP, as also noted in previous studies. 35, 51 At present, it is not clear why left eyes of NTG patients often develop visual field defects earlier than do right eyes.
In conclusion, our study demonstrates that disease severity of the first affected eye, diabetes mellitus, previous cerebrovascular accident, and IOP higher than 14 mm Hg in both eyes are associated with bilateral eye involvement in NTG. These data suggest that systemic vascular factors and IOP play significant roles in the pathogenesis of NTG. It appears that although systemic vascular factors increase the susceptibility of the optic nerve, a certain level of pressure-induced stress is also required for glaucomatous optic neuropathy.
